Soil borne pathogens result in serious losses in yield of crops grown in the United States (US) and various parts of the world. One of the most effective chemicals used to control these pathogens was methyl bromide (CH 3 Br, MeBr), a pre-plant fumigant with a broad spectrum of activity. Sodium azide has been proposed in combination with solarization as a viable alternative to replace MeBr due to environmental concerns with respect to ozone depletion in the stratosphere and as a possible carcinogen. However, the possible impacts of sodium azide as a soil pollutant and its effect on soil biological processes have not been fully studied. In this study the effect of sodium azide used alone and in combination with solarization and mulching on selected soil enzyme activities (phosphomonoesterases, arylsulfatase and phosphodiesterase) were assessed. Responses of arylsulfatase and phosphodiesterase to solarization and mulching and azide treatment were found to be affected in the same way, suggesting a similar mode of action. Soil pH in control soils was significantly increased by azide application; however, in mulched soils, pH was decreased. The significant decrease in soil pH in mulched soils may be very important in explaining the increase in the acid phosphatase activity observed in mulched soils. Overall, solarization and sodium azide treatment significantly reduced both fungi and bacterial populations but the responses among the various treatments varied significantly.
Introduction
Soil borne pathogens result in serious yield losses of nuts, fruits, and vegetables grown in the US and worldwide. One of the most effective chemicals used to control these pathogens was methyl bromide (CH 3 Br, MeBr), a pre-plant fumigant with a broad spectrum of activity. MeBr and Chloropicrin (CP) were applied to soils to control persistent weeds, nematodes, and soil bornepathogens and were reliable and effective tools for controlling these soil-borne-pathogens. They were commonly used in strawberry (Fragaria ananassa) cultivation, and other high value fruits and vegetable crops. The heavy dependence on MeBr as a fumigant has caused serious environmental concerns such as the destruction of the ozone layer, thus allowing harmful radiation to enter the earth's atmosphere [1, 2] . As a result of the risks associated with methyl bromide (CH 3 Br, MeBr) in depleting the ozone layer, 160 nations signed a treaty in 1993, known as Montreal protocol, under the sponsorship of the United Nations Environment Program (UNEP). Sodium azide as an amendment has been proposed in combination with solarization to ameliorate this problem.
Soil solarization is a non-chemical soil disinfestation method first developed for the control of soil borne pathogens in Israel and California during the 1970s and is an Integrated Pest Management (IPM) approach for the control of soil borne pathogens, pests and weeds [3] . It has attracted interest in many warm climate countries due to its effectiveness, simplicity, low cost, and safety to humans, plants, animals and the environment. Its mode of action involves complex mechanisms of physical, chemical, and biological control through a passive hydrothermal process, utilizing solar radiation [4] .
The use of solarization on a commercial scale is limited primarily by two important factors: the long time required for the completion of the solarization process and the climatic conditions existing in the different geographical regions of the world. In California, West Texas, Israel, and the Middle East, where there is limited cloud cover, effective soil solarization is achieved in 30 days. However, in the Southeastern US, where there is extensive cloud cover during the hot summer months, 90 days are required to achieve similar results to those in California and the Middle East [5] . Therefore, there is a need in the Southern US to reduce the solarization period and achieve comparable results to those areas of the world where soil solarization lasts for 30 days.
Several research trials have been conducted to reduce solarization time by incorporating different amendments such as poultry litter and other materials during the solarization process ( [6, 7] . Sodium azide, also known as Azium, Azide, Kazoe, Smite, and Hydrazoic acid (Na (N 3 )), was evaluated as an amendment with soil solarization as an alternative to methyl bromide with promising results [8] . One of the major advantages of soil solarization is that it causes microbial population shifts in the treated soil, and encourages the growth of microbial antagonists against soil pathogens [9] . However, when a chemical, such as sodium azide, is combined with soil solarization, not much is known about its biocidial activities on the different microbial populations in the soil, and also long-term effects on the soil quality. For example, sodium azide is a known microbial inhibitor and its effects on the indigenous microbial population have been rarely studied in connection with its use as an amendment with soil solarization practices. Solarization has also been known to cause microbial shifts in the soil but its ultimate impact on ecosystem sustainability has not been studied.
Therefore, the overall objective of this study was to examine the overall effects of sodium azide used as an amendment in combination with solarization and mulching on soil biological and chemical processes by evaluating its effects on soil microbial populations and selected enzyme activity.
The specific objectives of this study were to determine the effects of sodium azide used alone or in combination with solarization and mulching: 1) on soil pH and organic matter; 2) on selected soil enzyme activities (Acid and Alkaline phosphomonoesterases, Arylsulfatase and Phosphodiesterase); and 3) on soil microbial populations ("total" bacteria and fungi).
Materials and Methods

Study Plots and Soil Sampling
The study plots were located at the George Washington Carver Agricultural Experimental Station (GWCAES), Tuskegee University, Tuskegee, Alabama, located at latitude 30˚27'N and longitude 85˚42'W, with an elevation of 144.72 feet above sea level. The soil type at the study site was characterized as Norfolk sandy loam (fine, siliceous, thermic, Typic Paleudults) with a pH of about 5.9 and organic matter content of less than 1%.
Plots were ploughed, harrowed and beds were mechanically formed with the following dimensions of 20 ft × 2 ft (6.67 m × 0.67 m). They were then covered with either transparent low-density clear polyethylene or high-density white on black polyethylene agriplastic mulch or uncovered bare soil control. After the beds were mulched, drip irrigation tubes were placed on the beds. Sodium azide was applied at the rate of 100l bs/acre using "chemigation" method, and the subplots were solarized for 15 or 30 days or were mulched with white on black plastic mulch. "King Arthur" bell pepper (Capsicum annum) transplants were transplanted on the plots after completion of the solarization period.
Triplicate soil samples from each plot were taken after crops reached senescence using a soil auger. The samples from each plot were composited and transported to the Water and Environmental Quality Laboratory at Tuskegee University and refrigerated at 4˚C until analyzed. Soil enzyme activity and microbial populations' determination were performed using methods described below.
Soil Enzyme Activity Assays
Phosphomonoesterases (Acid and Alkaline) were determined using the method of Tabatabai and Bremner [10] . Soil samples used for enzyme activity assays were first air-dried. One gram of the air-dried soil was placed in a 50 mL Erlenmeyer flask and incubated in the respective phosphatase substrate in 4 mL of Modified Universal Buffer (MUB), at pH 6.5 or 11.0, respectively, for acid phosphatase and alkaline phosphomonoesterases determination. Para-nitrophenol released was extracted with CaCl 2 and transmittance was determined using a spectrophotometer at 420 nm. Phosphodiesterase and Arylsulfatase were determined similarly, using the methods described by Browman and Tabatabi [11] and Tabatabi and Bremner [12] respectively.
Determination of Microbial Populations in Soil Samples
"Total" bacterial and fungal populations were enumerated in the study plots using the modified plate dilution technique described by Curl and Rodriquez-Kabana [13] .
Ten grams of soil were added to 90 mL of distilled water and stirred on a magnetic stirrer. One drop of the suspension was placed onto sterile Petri dishes 10 cm in diameter, with the desired media. For "total" fungi, potato dextrose agar (PDA) was added and mixed. For the "total"
Assessing the Effects of Solarization and Sodium Azide Amendments on Selected Soil Parameters, Enzyme Activities and Microbial Populations 774 bacterial population enumeration, nutrient agar (NA) was used. Inoculated plates were inverted and incubated for 48 hours at 28 ± 2˚C in the dark. After incubation, "total" fungal population was estimated from the number of colonies that exhibited mycelia growth on PDA. On nutrient agar (NA), "total" bacterial populations were enumerated.
Determination of Soil Chemical Parameters
The pH of the samples was determined as soon as they were brought from the field. Soil pH was determined for each sample by placing a 10 g subsample of air soil into a 120-mL specimen cup and adding 20 mL of deionized water (1:2 soil:water). The soil-water suspension was swirled to mix the contents and allowed to stand for ten minutes to equilibrate. The pH was measured using a Fisher Accumet pH meter. Organic carbon was determined using the wet oxidation method described by Walkely-Black [14] and modified by Peech et al. [15] and Grewelling and Peech [16] using air-dried soils that were grounded and passed through a 0.5-mm sieve.
Experimental Design and Statistical Analysis
The experimental design for the study was a split-plot designed with two main plots (azide vs. non-azide) and four subplots (bare soil control, white on black agriplastic mulched soil, and plots solarized for 15 and 30 days). Each plot was replicated four times, resulting in a total of experimental 32 plots. Sodium azide was then applied to sixteen plots, while the remaining other sixteen plots were not treated with sodium azide.
The overall F test was run, using the General Linear Model of the SAS Software packages [17] . The differences between means among treatments were analyzed using Tukey's mean comparison test, and mean differences between the control and treated plots was determined using the Dunnett's tests. The level of significance was determined at the 0.05 level of significance.
Results and Discussion
The Effects of Solarization and Sodium Azide on Selected Soil Parameters
Soil pH observed in the treatment plots ranged from 5.7 to 7.1 ( Table 1) . Solarization and mulching resulted in a significant decrease in soil pH (p ≤ 0.05). Azide treated plots were found to have generally higher pH values compared to non-azide treated plots. Among the solarized plots, no significant differences in pH were observed between the azide and non-azide treated soils for both periods of solarization. However, a significant difference (p ≤ 0.05) in pH was observed for the agrimulched plots.
Effect of Solarization and Azide Amendment on Organic Carbon
The highest amount of organic carbon was found in plots not amended with azide and solarized for 15 days, and the lowest was found in plots not amended and solarized for 30 days, which had azide amendment ( Table 1) . Soils solarized for 15 days resulted in a significant increase in soil organic carbon content, compared to the bare control soil, while agrimulching resulted in a significant decrease (p ≤ 0.05). Soils solarized for 15 days and amended showed a significant decrease in carbon content compared to bare control soils, while agrimulching significantly increased soil organic matter content ( Table 1) . In agrimulched plots, however, azide amendment resulted in a higher percent organic carbon content, 0.69% in azide treated plots, compared to 0.52% without azide treatment ( Table 1) . The increase in organic matter content observed in the solarized plots could be attributed to slower mineralization. The reduction in both fungal and bacterial populations resulting from solarization may have led to a decrease in microbial activity, resulting in a lower conversion of organic carbon to carbon dioxide. Levels of organic carbon have been observed to increase following fumigation [18, 19] . The significantly higher carbon content observed in the azide treated mulched plots may be due to a selective increase in microbial biomass due to a moderate influence of the mulch on azide.
Effects of Solarization and Sodium Azide Amendment on Phosphomonoesterase Activity
The test of the effects of solarization, mulching and azide treatment on acid phosphomonoestrase (ACP) activity showed a statistically significant difference between the subplots (p ≤ 0.05). Solarization for 30 days and mulching resulted in significantly higher ACP activity, 187 and
236 µg p-nitrophenol g −1 soil hr −1 respectively, compared to the control soil (Figure 1) . Solarization for 15 days, however, resulted in a lower ACP activity. With the exception of plots that were solarized for 15 days, addition of sodium azide as an amendment resulted in a significant lowering of ACP activity. Mulching was found to significantly reduce the effect of azide application compared to solarization. Combined application of azide with solarization resulted in significant reduction of all the soil enzymes studied. Statistically significant differences (p ≤ 0.05) were also observed among the subplots for alkaline phosphomonoestrase (ALKP) activity (Figure 2) . Alkaline phosphatase activity found in the solarized and mulched plots were all lower than that found in the bare soil. Among the solarized plots, solarization for 15 days significantly decreased the alkaline phosphatase activity. In almost all the plots, addition of azide as amendment resulted in decrease of both phosphomonoesterases activities (Figures 1 and 2) . However, solarization and mulching produced different responses to either ACP or ALKP activities. Alkaline phosphatase activities in both solarized and mulched soils were significantly lower than the control soils, which received no treatments. Mulching and solarization of soil for 30 days without azide treatment resulted in increased ACP activity. The reason for the differences between the ACP and ALKP activities may be due to the pH ranges in which both enzymes are active and also due to the influence of the treatments on both pH and organic matter content. For example, mulching significantly reduced the pH of the mulched soils compared to the control or bare soils 5.7 compared to 7.0 ( Table 1) . This reduction in soil pH might have accounted for the higher values in the ACP activity observed, since the acid phosphatases have their optimum pH in the acidic pH range.
Effect of Solarization and Sodium Azide on Phosphodiesterase and Arylsulfatase Activities
Both solarization of soil for 30 days and mulching, with and without azide treatment had the effects of significantly (p ≤ 0.05) lowering phosphodiesterase activity. However, unlike ALKP, the lowering of activity in the plots solarized for 15 days was significantly less (Figure  3) . With the exception of the mulched soils, azide application resulted in a significant reduction in the phosphodiesterase activity (Figure 3) . Organic matter and pH of the mulched plots increased when sodium azide amendment was applied ( Table 1 ). This may indicate that the increase observed in the sodium azide treated mulched soils may be related to the pH and organic carbon content. The effects of treatments on arylsulfatase activity was very similar to that observed for phosphodiesterase activity (Figure 4) in that solarization and mulching tended to significantly decrease the enzyme activities in relation to the control/bare soil. For example, azide treatment resulted in a significant reduction in arylsulfatase activity in all plots, except for those that were mulched. This may suggest that both of these enzymes may be responding to very similar effects produced by solarization and mulching. It can also be concluded from these observations that, while azide treatment generally reduced the activity of these enzymes, mulching may not significantly reduced its effects.
Effects of Solarization and Azide Applications on Soil Microbial Populations
Both solarization and mulching resulted in a significant reduction in "total" fungal population as enumerated by plate counts ( Table 2 ). The reduction in fungal populations in the soil was more pronounced in the solarized soils than in the mulched soils. This observation is consistent with the fact that much higher temperatures are produced in the solarized than the mulched soils and such temperatures are high enough to kill the majority of mesophilic microorganisms. As has been observed with enzyme activities, azide treatment resulted also in a significant reduction in fungal populations when compared with the non-azide treated soils ( Table 2) . The "total" fungal populations observed in azide treated control soils, mulched and solarized for 15 days were all found to be significantly higher than those observed for soils solarized for 30 days ( Table 2) . No significant differences (p ≤ 0.05) were observed between the "total" fungal populations in the azide treated plots for the control soils, mulched, and plots solarized for 15 days. "Total" bacterial populations in soils solarized for 30 days were not significantly different from the control plots but were and plots that were solarized for 15 days.
In contrast to the fungal population, bacterial populations in plots solarized for 30 days were lower than those found in the mulched plots ( Table 2 ). These observations suggest that the effects of solarization and mulching on soil microbial populations may not be even among the major microbial groups found to be significantly affected by solarization. Azide treatment resulted in a significant reduction in "total" bacteria population in all plots, except for the mulched plots compared to their respective non-azide treated counterparts. In the mulched soils, addition of azide resulted in higher bacterial population as compared to the respective non-azide treated plot ( Table  2) . This observation is similar to that found in the response of the mulched soil to pH, organic carbon content, arylsulfatase and phosphodiesterase activities. The response of bacteria and enzyme activity to azide application in mulched plots may be related to the soil pH and organic matter content.
Comparison of Enzyme Activities of Bare
Soil and Solarized, Mulched and Azide Treated Soils.
Effects of solarization, mulching and sodium azide application on soil enzyme activity were evaluated by comparing the control bare plot to the treated plots (Table 3). In general, solarization, mulching, and azide treatment resulted in reduction in the enzyme activity, when compared to the bare plot control. Significant reductions in arylsulfatase activity resulted from all the treatments. Plots that received sodium azide treatment generally had the highest reduction in arylsulfatase activity. Soils that were solarized for 15 days had the lowest significant decrease in arylsulfatase activity when compared to the control soil. Phosphodiesterase and alkaline phosphatase activities showed similar responses when compared with the control bare soils ( Table 3) . With the exception of the azide-treated bare soils and soils that were solarized for 15 days, all treatments showed significant reductions in the respective enzyme activity.
The greatest reductions in activity for both enzymes when compared to the control soils were observed when azide was added to either mulched or solarized soils. This shows that the combination of solarization and mulching with azide affected these enzymes more than when azide was applied alone or when soils were either solarized or mulched. All the treatments resulted in the lowering of ACP activities when compared with the control, except for mulched soils and bare soils, which were solarized for 30 days. They showed increase in levels of ACP activity when compared with the control bare soils ( Table 3 ). All the differences observed for ACP were not significant, except for the mulched soils that showed a significant increase (p > 0.05) in activity compared to the control bare soil.
Comparison of Soil pH and Microbial Populations of Control (Bare Soil) with Solarized, Mulched and Azide Treated Soils
Azide-treated control soils and mulched soils were the only treatments which resulted in significant differences in soil pH when compared to the control ( Table 4) . Addition of azide to the bare soils resulted in a significant increase in the soil pH, while in the case of the mulched soils, azide treatment resulted in significant decreases in the soil pH compared to the control. No significant differences were also found between the control and the treated soils with respect to organic carbon content. Except for the mulched soils, which did not receive azide treatment, "total" fungal populations were significantly reduced by solarization and addition of azide. As with the enzyme activities, the largest reductions were seen in soils, which received azide treatment. In contrast to total fungal populations, "total" bacteria populations were significantly reduced in only three of the treatments when compared with the control. As has been observed for the other parameters measured, the largest significant reductions were observed for the azide-treated soils. For bacteria and fungi populations, solarization for 30 days, combined with azide application, resulted in the largest significant reduction in population.
Conclusion
The main objective of this study was to determine the effects of the length of solarization and sodium azide applications on some selected soil enzyme activities, chemical parameters, and on microbial populations. These factors were used because they have been proposed as possible indicators of soil quality. They have also been used for predicting and understanding the effects of agricultural and environmental perturbations on ecosystem sustainability. The outcome of this study suggested that solarization and application of sodium azide significantly reduced soil enzyme activity and microbial populations. However, the impact of azide and solarization on enzyme activities were not the same and were modified by mulching or how long soils were solarized. Thus, a further understanding of mechanisms involved is needed to fully understand their long-term effects on soil sustainability and also to find which enzyme can best predict negative impacts.
